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Abstract 
F2-laser irradiation enables high precision ablation of sapphire. A mask projection system with high numerical aperture, equipped 
with an optical coherence tomography module for focus control, delivers submicron resolution. High fluences of up to 10 J/cm² 
lead to smooth, crack free surfaces. Various micro-optical elements like fiber tip lenses, gratings, and diffractive optical elements 
can be manufactured this way. 
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1. Introduction 
Sapphire offers a number of properties (mechanical, chemical, thermal stability, electrical insulation) that 
qualifies it for use under extreme conditions, for example in chemically aggressive environments or at very high 
temperatures or pressures. In addition, sapphire is transparent from the deep UV to the mid-IR, making it an ideal 
material for optical applications under such harsh conditions. Examples are windows for high temperature or high 
pressure cells, optical fibers or sensors for high temperature use, beam delivery for medical applications, especially 
for IR lasers (e.g. Er:YAG-lasers). In many cases special optical functionalities (refractive or diffractive) are needed 
to be integrated into these devices.  
However, the excellent properties make the processing of sapphire difficult. Especially precise surface shaping as 
required for optical components is very challenging. Though laser ablation of sapphire has been investigated using 
nanosecond [1], picosecond [2], and femtosecond [3] pulses, the potential of lasers for the precise micro-fabrication 
of optical components has not been adequately addressed so far. It has already been shown, that due to the 
increasing absorption in the vacuum-UV, the use of F2-lasers operating at 157 nm is very promising for the 
machining of wide band-gap materials like fluoride crystals or sapphire [4]. In this paper we show, that the use of 
F2-laser ablation enables the micro-fabrication of various optical elements like micro lenses, gratings, diffractive 
optical elements and is even appropriate for the processing of optical fibers made from sapphire.  
2. Experimental 
The output beam of an F2-laser (157 nm, 15 ns, 20 mJ, max. 200 Hz) is formed to homogeneously illuminate a 
mask, which is then imaged onto the work piece using a Schwarzschild-type reflective objective (demagnification 
25x, numerical aperture NA = 0.4) (Figure 1). The refractive optical elements of the beam delivery system are made 
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from CaF2, and the whole beam path is flushed with nitrogen to ensure high optical transmission at 157 nm. This 
laser processing station has been successfully applied for high resolution micro patterning of transparent materials 
like fused silica [5] or gradient index glass [6] and for the processing of fused silica fibers [7].   
Alignment and focus control is facilitated by an integrated optical coherence tomography (OCT) module [8]. This 
OCT-system consists of a commercial spectral-domain (SD)-OCT imaging system including the data acquisition 
and the illumination, combined with a customized Michelson-interferometer and a galvanometric scanner system. 
An axial resolution of less than 150 nm for surface detection and a lateral resolution < 2.5 μm are obtained. Even 
structures with high aspect ratio are easily mapped with this system.  
 
 
Figure 1. F2-laser beam delivery including mask projection with Schwarzschild objective and OCT-module for focus control. 
 
The processing of sapphire fibers in order to fabricate fiber lenses is based on a mask projection arrangement 
with the optical axis perpendicular to the fiber axis. The scheme of this arrangement is shown in Figure 2. The fiber 
is rotated around its axis while the laser is in operation, yielding a rotationally symmetric tip with a shape defined by 
the mask aperture. Fibers with small and medium diameters can be treated in one exposure. As the processing field 
is limited to 240 x 240 μm², large-diameter fibers have to be processed in several steps. Therefore, a conformal 
mask- and fiber displacement has been introduced, so that thick fibers can be processed in several steps without 
significant stitching errors (Figure 3) [9]. A 425 μm diameter sapphire fiber is processed in two steps using this 
method. 
 
 
 
 
 
 
 
 
 
 
 
(a)       (b)   
Figure 2. (a) Scheme; (b) photograph of the setup for processing of optical fibers; laser beam top down. 
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Figure 3. Scheme of the step and repeat processing of thick fibers. Areas 1 and 2 of the mask are irradiated sequentially. The number of required 
steps depends on the fiber diameter. For the used 425-μm-diameter fiber two steps are sufficient.   
3. Results and Discussion 
The ablation rate of sapphire at 157 nm is shown in Figure 4. Ablation rates of more than 100 nm/pulse are 
obtained at high fluences. At low fluences an incubation effect is observed, i.e. ablation starts after some pulses 
creating absorbing defects. Material removal starts at some spots of the irradiated field, before after some further 
pulses the whole field is ablated.  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
             
Figure 4. Ablation rate as a function of fluence for single crystal sapphire at a laser wavelength of 157 nm  
 
Figure 5 displays a 425 μm diameter sapphire fiber with a micro-machined lens at the fiber tip. The radius of 
curvature of the lens is 200 μm. This lens was manufactured in a process comprising ten full rotations with a 
velocity of 6°/s for each of the two mask positions with the laser operating at a repetition rate of 50 Hz (30 000 
pulses) and a fluence of 9.7 J/cm². In addition, about 15 000 pulses were applied for each mask position to clean and 
smooth the lens surface. This high fluence seems to be essential for obtaining a good quality surface. In contrast, at 
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only 6.3 J/cm², for this kind of processing a flaky surface is observed, which is not suitable for optical applications 
(Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. SEM image of a 425 μm diameter sapphire fiber with a micro-machined lens at the fiber tip, radius of curvature of the lens: 200 μm; 
laser fluence: 9.7 J/cm², 30 000 pulses.  
                 
              
 
             
                               
Figure 6. SEM image of a 425 μm diameter sapphire fiber with a micro-machined lens at the fiber tip; laser fluence: 6.3 J/cm², 30 000 pulses. 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  
Figure 7. Diffractive phase elements on sapphire. (a) SEM image of a 2-level DPE on sapphire. Pixel size: 10 u10 μm², laser fluence: 8.7 J/cm².;  
(b) Height profile of a 4-level DPE on sapphire recorded with a confocal microscope. Pixel size: 10 u10 μm², laser fluence: 5.8 J/cm² 
Diffractive phase elements (DPE) on sapphire have been manufactured in an on the fly pixel writing method 
using a square aperture as mask. During the machining the sample is moved with a constant velocity. At 
(b)
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precalculated breakpoint positions a trigger pulse for the laser is released. Figure 7 (a) displays a binary (two level) 
DPE with a pixel size of 10 u10 μm² and an overall size of 1u1 mm² fabricated this way. The DPE shown in Figure 
7 (b) has four height levels, which can be identified in the color coded height profile. The DPE was produced with a 
moving speed of 0.5 mm/s and a fluence of 5.8 J/cm². Applying only a few pulses per position, even this moderate 
fluence leads to satisfying surface quality. Though several scans over the full area with different breakpoint 
positions are necessary to obtain the desired surface relief, this method is faster than stopping at each pixel position 
and applying the total number of pulses for this pixel. 
 
 
Figure 8. AFM image of a 1 μm period grating on sapphire fabricated with 40 laser pulses and a fluence of 3.5 J/cm2. 
To demonstrate the capability of high resolution patterning, a grating with 1 μm period has been fabricated. The 
projection mask was an amplitude grating consisting of a patterned Cr layer on a highly transparent fused silica 
substrate. According to the 25x demagnification of the Schwarzschild lens, a Cr line pattern with 25 μm period leads 
to a pattern of trenches on the sample with a period of 1 μm. 40 laser pulses of about 3 J/cm² (pulse energy per total 
area of the grating) result in a modulation depth of about 50 nm (Figure 8). This is far less compared to the depth 
calculated from the measured large area ablation rate of about 30 nm/pulse.  This observation indicates the limitation 
of pattern resolution in this μm-range, resulting in ablation even from the ridges of the developing grating. This 
effect may be explained by the high heat conductivity of sapphire, leading to a thermal diffusion length of 800 nm at 
room temperature based on a laser pulse duration of 15 ns [10]. Consequently, experiments to obtain sub-micron 
gratings (periods of 800 or 600 nm) have led to even shallower surface modulation. 
4. Conclusion 
Sapphire can be precisely machined by F2-laser ablation at 157 nm. Ablation rates of 10 to 100 nm/pulse are 
measured at fluences ranging from 0.8 to 8 J/cm². Applying suitable mask projection optics and process control, 
micro-lenses, gratings and other diffractive optical elements are fabricated. Though thermal diffusion limits the 
structure resolution for nanosecond laser pulses, surface grating patterns with 1 μm period can be obtained. 
References 
[1] Kelly, R.; Cuomo, J.J.; Leary, P.A.; Rothenberg, J.E.; Braren, B.; Aliotta, C.F.: Laser sputtering Part I. On the existence of rapid laser 
sputtering at 193 nm. In: Nucl. Instrum. Methods Phys. Res. B 9 (1985), 329-340  
[2] Tam, A.C.; Brand, J.L.; Cheng, D.C.; Zapka, W.: Picosecond laser sputtering of sapphire at 266nm. In: Appl. Phys. Lett. 55 (1989), 2045-7  
[3] Ashkenasi, D.; Rosenfeld, A.; Varel, H.; Wähmer, M.; Campbell, E.E.B.: Laser processing of sapphire with picosecond and sub-picosecond 
pulses. In: Appl. Surf. Sci. 120 (1997), 65-80  
[4] Haehnel, F.; Bertram, R.; Reisse, G.; Boettcher, R.; Weissmantel, S.: Production of microstructures in wide-band-gap and organic materials 
using pulsed laser ablation at 157 nm wavelength. In: Appl. Phys. A 101 (2010), 491-5 
244  Markus Wiesner and Jürgen Ihlemann / Physics Procedia 12 (2011) 239–244
[5] Ihlemann, S.; Müller, S.; Puschmann, S; Schäfer, D.; Wei, M.; Li, J.; Herman, P.R.: Fabrication of submicron gratings in fused silica by F2-
laser ablation. In: Applied Physics A 76 (2003), 751-3 
[6] Fricke-Begemann, T.; Ihlemann, J.: Direct light-coupling to thin-film waveguides using a grating-structured GRIN lens. In: Optics Express 
18 (2010), 19860 
[7] Fricke-Begemann, T; Li, J.; Dou, J.; Ihlemann, J.; Herman, P.R.; Marowsky, G.: Laser machining of micro-lenses on the end face of optical 
fibers. In: Proc. of the Third International WLT-Conference Lasers in Manufacturing, LIM 2005, pp. 733-7 
[8] Wiesner, M.; Ihlemann, J.; Müller, H.H.; Lankenau, E.; Hüttmann, G.: Optical coherence tomography for process control of laser 
micromaching. In: Rev. Sci. Instrum. 81 (2010), 033705 
[9] Zinn, J.; Schütte, M.; Meinertz, J.; Ihlemann, J.: F2-laser fabrication of fiber-integrated optical elements. In: Journal of Laser 
Micro/Nanoengineering 5 (2010), 6-9 
[10] Archer, D.G.: Thermodynamic Properties of Synthetic Sapphire (Į-Al2O3), Standard Reference Material 720 and the Effect of Temperature-
Scale Differences on Thermodynamic Properties. In: J. Phys. Chem. Ref. Data 22 (1993), 1441 
